Abstract: Polarization conversion of metal-helix based metamaterials can be eliminated by recovering four-fold rotational symmetry. Symmetry considerations and current progress in the fabrication of N-helix optical metamaterials as broadband circular polarizers is presented.
Introduction
Metamaterials based on metal helices have been introduced as broadband circular polarizers [1] . However, for arrays of single helices, the end of the metal wire of each helix together with the helix centers defines a direction in space which breaks the rotational symmetry at the metamaterial surface. This introduces linear birefringence and causes circular polarization conversion. Symmetry can be recovered by considering an integer number (e.g., N = 4) of intertwined helices instead [2] [3] [4] . The operation mechanisms are fundamentally different though and circular polarizers based on N = 4 helices require absorption of the constituent metal. We compare results from a symmetrybased analysis to numerical calculations and present a fabrication approach using three-dimensional direct laser writing.
Theory
Symmetry considerations have shown that four-fold symmetry leads not only to strictly zero circular polarization conversion, but also to no circular-polarizer action at all in the case of lossless constituent materials [4] . For optical frequencies however, gold cannot be treated as a perfect electric conductor and a model with finite damping has to be introduced. The transmittance spectra were calculated with a commercial software package based on the FDTD method for arrays with lattice period a = 1 μm, wire diameter d = 100 nm, pitch height h = 1 μm and helix diameter D = 600 nm ( Fig. 1) . For gold, a Drude model with plasma frequency PL = 1.37 × 10 rad/s and collision frequency col = 1.2 × 10 rad/s was used.
Even though time-reversal symmetry is broken in this case, the four-fold symmetry of the structure is not affected. The circular polarization conversions are therefore again strictly zero, but a circular polarization capability can be seen. We also point out that a substrate (which was not part of the numerical calculations) does in fact break the symmetry with regard to the direction of propagation. However, the symmetry-based analysis shows that only four-fold rotational symmetry is required to achieve zero circular polarization conversion. The substrate will therefore not change the spectra qualitatively and can be neglected in theoretical considerations. 
Experimental Results
Three-dimensional (3D) direct laser writing (DLW) has become a versatile tool to create nearly arbitrary structures on the submicron scale. While standard DLW is limited by diffraction, stimulated-emission-depletion inspired DLW (STED-DLW) allows for the fabrication of structures with much smaller voxel sizes and aspect ratios [5] . The major drawback however, is the current lack of a positive-tone photo-resist for STED-DLW. Here, we use a negative-tone photo-resist to create polymer templates for N-helices by writing part of the complementary structure. Polymer templates are fabricated using STED-DLW on glass substrates that were previously coated with a 25 nm thick indium tin oxide (ITO) layer. As photo-resist we used the monomer pentaerythritol triacrylate (PETA) with 0.25% 7-diethylamino-3-thenoylcoumarin (DETC) as photo initiator. A commercial femtosecond Ti:Sa oscillator was used for excitation in combination with a solid-state continuous-wave laser at a wavelength of 532 nm for depletion.
The ITO layer will serve as the cathode in a final electroplating step in which the electrochemical-deposition of gold shall yield the final structure. The scanning electron micrographs depicted in Fig. 2 show high-quality structures with small feature sizes (unpublished). Focused-ion-beam milling further reveals the hollow tubes that are necessary for the subsequent electro-plating [1] . 
Conclusions and Outlook
We have shown theoretically that the operation principle of arrays of N-Helices is fundamentally different to arrays of single helices. When introducing losses to the constituent metals, a circular-polarizer effect is recovered, while undesired circular polarization conversion stays strictly zero. Bandwidth and polarization contrast can be enhanced systematically by simply increasing the number of helix pitches. Furthermore, we have demonstrated that STED-DLW allows for the fabrication of inverse-structure polymer templates for subsequent electro-plating with gold. The small feature sizes needed can be achieved by the enhanced resolution of STED-DLW. More optimization is needed to further scale down the structure sizes and push the resonances to the optical regime.
